Landslides threaten the safety of vehicles on highways. Nevertheless, a rigorous 5 quantitative highway landslide risk assessment seems difficult. Using a case study in Hong Kong, 6 this paper presents a method for quantitative risk assessment for highway landslides. The suggested 7 method consists of three parts, i.e., analysis of annual failure probability of the slope, the spatial 8 impact analysis and the consequence analysis. In the case study, the annual failure probability of the 9 slope is analyzed based on historical failure data in Hong Kong. The spatial impact of the landslides 10 is estimated based on empirical correlations with the geometry of the slope. The consequence is 11 assessed based on probabilistic modeling of the traffic on the highway. Based on the suggested 12 method, the annual failure probability of the slope, the distance from the slope and the road and the 13 density of vehicles on the road can significantly affect the landslide risk and the suggested method 14 can be used to quantify the effects of these factors. The suggested method can be also potentially 15 used to analyze the highway landslide risk in other regions. 16 17
1 Introduction 20 With a total land area of about 1100 km 2 , Hong Kong is one of the most densely populated regions in 21 the world with a population of about 7.5 million (GovHK, 2019) . Throughout the territory of Hong 22 Kong, there are more than 57, 000 registered man-made slope features (Cheung and Tang, 2005) . 23 With an average annual rainfall of about 2400 mm, rainfall induced landslides are one of the major 24 natural hazards threatening the public safety in Hong Kong (GEO, 2017) . In particular, slope failures 25 along highways have resulted in serious fatalities, damaged vehicles and disruption to the traffic. For 26 example, in August 1994, a public light bus on the Castle Peak Road was hit by landslide debris, 27 causing three persons trapped inside the bus and one man killed. In August 1995, the slope along 28 Shum Wan Road failed, induced by large rainfall, which resulted in two fatalities and five injuries. In 29 August 1997, the landslide along Ching Cheung Road resulted in the closure of the highway for more 30 than three weeks (GEO, 2017). Similar phenomena have indeed also been reported in many other 31 parts of the world (Bil et al., 2015) , such as Italy (Donnini et al., 2017) and India (Negi et al., 2013) . 32 There are many uncertainties in the assessment of the hazard of moving vehicles hit by 33 landslides, such as the occurrence of landslides, the travel distance of the landslide and the presence 34 of the moving vehicles at the moment of landslides. Risk assessment is a framework in which both 35 the uncertainties and the consequence of a hazard can be addressed, which is now increasingly been 36 used for landslide risk management (e.g. Lessing et al., 1983; Fell, 1994 46 falling rocks. However, few attempts have been made to suggest a rigorous assessment framework of 47 vehicles hit by landslides. As such, implementation of rigorous risk assessment of vehicles hit by 48 landslides is still challenging. 49 Through a case study in Hong Kong, the objective of this paper is to suggest a method to 50 quantitatively assess the risk of vehicles hit by landslides along highways. The structure of this paper 51 is as follows. Firstly, how the annual failure probability of the slope is calculated is described. Then, 52 the spatial impact of the landslide is analyzed. Thereafter, the consequence of the landslide is 53 analyzed. Finally, the annual risk of vehicles hit by the landslide is calculated. The assessment 54 method provides a convenient and useful tool to investigate the risk of vehicles hit by landslides in 55 Hong Kong. In general, the risk of a landslide hazard depends on the likelihood of the landslide, the spatial extent 78 of the landslide and the number of vehicles being hit by the landslide. There are multiple types of 79 vehicles on a highway. The longer the vehicle, the greater the probability that it will be hit by a 80 landslide. Let P(F) denote the annual probability of slope failure. Suppose there are m possible 81 spatial impacts and let P(S = S i | F) denote the chance that the spatial impact is S i when the landslide 82 occurs. Let P(n j = k| S = S i ) denote the chance that the k type j vehicle will be hit by the landslide 83 when the spatial impact is S i . The risk associated with the jth type of vehicle, i.e., the expected 84 annual number of type j vehicles being hit by the landslide, can be calculated as follows: 85 https://doi.org/10.5194/nhess-2020-11 Preprint. Discussion started: 3 February 2020 c Author(s) 2020. CC BY 4.0 License.
Let n v denote total types of vehicles. The total risk of vehicles hit by the landslide considering 87 all types of vehicles, i.e., R v , can then be calculated as follows:
Let n pj denote the average number of persons in a type j vehicle. The risk of people hit by the 90 landslide can be calculated as follows:
The total risk of people hit by the landslide considering all types of vehicles can be calculated as As can be seen from the above equations, the keys for risk assessment are to evaluate: (1) the 96 annual failure probability of the landslide, i.e., P(F), (2) the spatial impact of the landslide, i.e., P(S = 97 S i | F) and (3) the number of vehicles being hit by the landslide for a given spatial extent, i.e., P(n j = 98 k| S = S i ). How the above elements are assessed is introduced in the following sections. In this study, the spatial extent of the landslide is characterized by the length of the affected road 170 and the runout distance of the landslide, i.e., S = {l a , L}. For simplicity, the uncertainty associated 171 with the length of the affected road is not considered. In such a case, the uncertainty associated with 172 S is fully characterized by the uncertainty associated with the runout distance. In principle, the runout 173 distance is a continuous random variable. For simplicity, it can be discretized into a discrete variable. 174 Let L i denote the ith possible value of L and let which will be hit by the landslide, denoted as α(S = S i ) here, can be calculated as follows:
In general, the number of vehicles hit by landslides highly depends on the density of vehicles, As an example, Table 2 shows the data about q and v of the Kennedy road for the morning peak, 196 normal period and evening peak, respectively, which are obtained from TDHK (2018). As shown in the mean rate of occurrence of the vehicles during the morning and evening peak is significantly 201 larger than that in the normal period. Among all types of vehicles, the mean rate of private cars in the 202 affected road is the greatest, followed by goods vehicles, motor cycles and taxis. 203 Let T 1 , T 2 and T 3 denote the morning peak, the normal period and the evening peak, respectively; 204 and l aj denote the length of affected road for type j vehicle. Based on the property of a Poisson 205 process, if the spatial impact is S = S i and the slope fails during period T i , the chance that k type j 206 vehicles will be hit by the landslide can be computed by The risk of damaged vehicles due to landslides is highly associated with spatial impact of landslides. 261 The further the road is away from the slope, the less chance the road will be affected by the slope. In As can be seen from Fig. 7 , since the number of vehicles during different periods in a day is different, 274 the mean rate of occurrence of vehicles in affected road due to the landslide is significantly different. 275 The high density of vehicles may pose a huge risk to vehicles and persons due to landslides. To 
